In this study, the design optimization of a low Reynolds number airfoil is performed for a Mars exploration airplane. To achieve this goal, a multi-objective genetic algorithm (MOGA) using the Kriging model is used for optimization and a £-Re ª model is adopted to predict the laminar-turbulent transition point on the airfoil. Both PARSEC and NURBS representations are used to define the geometry of the airfoil in order to investigate its effect on the transition delay. The aerodynamic performances of the airfoils designed are compared with those of the ss1f airfoil, which was designed for the Mars exploration airplane during the ARES project. The objectives of optimization are to minimize the drag coefficient with a fixed lift coefficient and to minimize the moment sensitivity with respect to the angle of attack. Transition of the airfoil using the PARSEC representation occurs further downstream than that of the ss1f airfoil. Furthermore, the airfoil using the NURBS representation achieves fully laminar flow on the upper surface. The moment sensitivity of the optimized airfoils is also lower than that of the ss1f airfoil.
Introduction
To answer questions regarding the origin of the universe or the existence of organic lifeforms outside of those on Earth, humans have attempted to explore the universe and other planets. Specifically, Mars is considered to be a planet where organic lifeforms may exist.
Until recently, Mars exploration has mainly been conducted using two methods. One method is orbiter exploration using satellites, and the other is surface exploration using a lander or a rover. Although the data is low resolution, orbiter exploration can obtain data for a large region. On the other hand, surface exploration provides high-resolution data, but only explores small, specific regions. To complement the two exploration methods, the USA [1] [2] [3] and Japan 4, 5) have performed research on conducting Mars exploration using airplanes. Mars exploration using airplanes can provide higher-resolution data compared to orbiter exploration, and a wider region of exploration compared to surface exploration. Because the atmosphere density of Mars is 1/100th that on the Earth, the airfoil used for Mars exploration airplanes has a low Reynolds number. It is difficult to accurately predict distinct characteristics of a low Reynolds number airfoil, such as a laminar separation bubble or laminar-turbulent transition on the airfoil surface. Although there are difficulties in predicting these properties, optimization the airfoil of Mars exploration airplanes is necessary because the performance of an airfoil designed with a high Reynolds number is drastically degraded when it is used in low Reynolds number conditions.
A laminar separation bubble is formed when the laminar flow separates, a result of encountering an adverse pressure gradient region on the airfoil. The separated free shear layer is unstable, which amplifies the Tollmien-Schlichting instability waves. The free shear flow generally transits rapidly from laminar to turbulence and then reattaches to the airfoil surface. 6) These separation bubbles cause an increase in drag and nonlinearity in the lift slope. 7, 8) Therefore, it is critical to predict laminar separation bubbles accurately when evaluating the aerodynamic performance of a low Reynolds number airfoil.
The other distinct characteristic is the laminar-turbulent transition on the airfoil surface. The transition point has a considerable effect on skin friction; for example, skin friction can increase by 24.5% when the transition point is moved to 20% chord towards the leading-edge. 9 ) Therefore, it is also essential to precisely predict the transition point for estimating the drag performance of the low Reynolds number airfoil. The most widely used transition prediction model is the e N method, 10, 11) which is based on the linear stability and boundary layer theory. It produces a solution to the Orr-Sommerfeld equation in order to evaluate the local growth rate of unstable waves based on the velocity and temperature profiles over the body. Transition occurs when the amplification of the most unstable Tollmien-Schlichting wave reaches a critical N-factor. However, determination of the critical N-factor is based on experimental results. Therefore, the e N method is not suitable for optimization problems because the N-factor cannot be determined for each step via experiment.
Another method for predicting the transition is the £-Re model proposed by Menter et al. This method is extensively applied to a general aeronautical configuration because it uses only local flow variables to predict the transition. 12, 13) Thus, the £-Re model is more suitable for optimization.
The purpose of this study is to optimize a low Reynolds number airfoil for a Mars exploration airplane, the performance of which is largely dependent on the transition point. To achieve this goal, the £-Re model is used to predict the laminar-turbulent transition point and a multi-objective genetic algorithm (MOGA) with the Kriging model is used for optimization.
Transition Model and Validation
Two-dimensional flow fields are analyzed using an unstructured mesh computational fluid dynamics (CFD) solver; specifically the Tohoku University Aerodynamic Simulation (TAS) code. [14] [15] [16] [17] [18] [19] The compressible Reynolds-averaged Navier-Stokes (RANS) equations are solved using the cellvertex finite-volume scheme. The numerical flux is computed using the approximate Riemann solver of HartenLax-van Leer-Einfeldt-Wada (HLLEW). The second-order spatial accuracy is realized using a linear reconstruction of the primitive variables inside the control volume with a Venkatakrishnan's limiter. The lower/upper symmetric Gauss-Seidel (LU-SGS) implicit method for unstructured meshes is used for time integration. A hybrid volume mesh is used to accurately resolve the boundary layer during the unstructured mesh computation. The prism layer consists of 25 layers, and yþ of the wall spacing is approximately 0.56. The number of nodes is about 21,000 per plane. Figure 1 shows an example of the mesh used in this study.
The turbulence model and transition model used in this study are the k-½ SST and £-Re models, respectively. In the £-Re model, two transport equations are solved. One is for intermittency, and the other is for the transition onset momentum thickness Reynolds number. When the flow transitions from laminar to turbulence, the value of £ changes from 0 to 1. Therefore, the transition position can be predicted using the value of £ in the model, as in Fig. 2 .
For validation, the transition points of a NACA 0018 airfoil are estimated under the conditions of Mach ¼ 0:0343, Re ¼ 160; 000 and T u ¼ 0:3%. 20) Figure 3 compares the transition points estimated by TAS and the experiment. The differences in transition position are less than 10% chord at all angles of attack and the trend is predicted very well. From this result, the present code seems to have sufficient accuracy for optimization.
Optimization

Optimization algorithm
In this study, a real-coded MOGA is adopted for airfoil optimization to take into account the non-linearity of the objec- Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 tive functions. 21) It is well known that GAs requires a large computational cost due to population-based searches, particularly if it is coupled with a time-consuming fitness evaluator such as a Navier-Stokes solver. Therefore, the Kriging model is adopted to build approximation models of the objective functions to reduce the computational cost. 22) Pareto-optimal solutions are explored over the approximation model using a MOGA.
A flowchart of the current optimization system is shown in Fig. 4 . The initial sample points are selected using the Latin hypercube sampling (LHS) method to distribute the points uniformly in the design space. 23) After evaluating the objective functions of each sample point using a RANS solver, a Kriging approximation model is constructed based on the sample data. The models constructed can estimate the objective functions at any search point in the design space without running a CFD solver. However, there is a chance of missing the global optimum in the design space if relying only on the prediction value of the Kriging model; this is because the model includes some uncertainties that should be taken into consideration at the same time. By iteratively selecting the Pareto solutions as the additional sample points, improving the model and closely exploring the global optimum can be achieved simultaneously. 24) 
Definition of the optimization problem
To simulate the atmospheric conditions of Mars, the Reynolds number was set to 150,000, in this study. The Mach number and turbulence intensity (T u) are 0.65 and 0.098%, respectively.
For the airfoil geometry definition, both PARSEC and NURBS representations are used to investigate the effects of geometric definition on laminar-turbulent transition control. The original PARSEC function is composed of 11 design variables that are closely related with aerodynamic features of the airfoil, as shown in Fig. 5 . In this study, nine variables are used by setting both the trailing-edge (Z TE ) and the trailing-edge offset (ÁZ TE ) to zero. The NURBS function is composed of 16 control points, and 26 design variables are used, as shown in Fig. 6 . Thus, it has more degrees of freedom than the PARSEC function.
One of the design objectives is to minimize the C d at a fixed C l ¼ 0:8, and the other is to minimize the moment sensitivity with respect to ðjdC m =djÞ. The area of the airfoil designed is constrained to be greater than that of the ss1f airfoil. 23 ) Additionally, the difference in the area of the designed and ss1f airfoils is constrained to be less than 10%.
The definition of optimization can be summarized as follows: Objective 1: Minimize C d at fixed C l of 0. The initial Kriging models for each objective function are constructed using 44 sample points obtained from the LHS. The Kriging models are updated 27 times, and 157 sample points are evaluated in total. For each update, 3-5 sample points distributed evenly across the pareto front of the Kriging model are selected as additional sample points. The sample points are plotted in the objective function space, as Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 shown in Fig. 7 . The airfoil whose objective functions are better than those of ss1f is selected as the optimum airfoil and is named the 'OPTp' airfoil.
Figures 8-10 compare the geometries, i.e., the C l -¡ and C d -¡ curves of the ss1f and OPTp airfoil. Table 1 shows the aerodynamic coefficients at the design condition,
C l and C d of OPTp are similar to those of ss1f, as shown in Figs. 9 and 10. However, C d of OPTp at the design condition is slightly smaller than that of ss1f. As shown in Fig. 11 , the transition point of OPTp is located further downstream than that of ss1f at the design condition. Generally, the turbulent boundary layer has a large velocity gradient compared to the laminar boundary layer near the airfoil surface, thus the transition delay represents small skin friction. Figure 12 shows the transition point of the OPTp and ss1f airfoils at various angles of attack. At a low ¡ near the design condition, the transition of OPTp occurs further downstream than that of ss1f. However, the transition point of OPTp drastically moves near the leading-edge with increasing ¡. Figure 13 compares the C m -¡ curve of the OPTp and ss1f Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 airfoils. At the design condition, jdC m =dj of OPTp is almost zero. However, jdC m =dj is steeper than that of the ss1f airfoil at the off-design condition. Consequently, even though OPTp has better aerodynamic performance than ss1f with the design conditions, OPTp does not have robust aerodynamic performance when using the off-design condition.
NURBS optimum airfoil (OPTn)
In order to control the transition point, a more detailed representation of the geometry is required. Thus, the NURBS representation, which has more degrees of freedom than PASEC, is adopted with 26 design variables. The initial Kriging models for each objective function are constructed using 55 sample points obtained using the LHS. The Kriging models are updated 31 times, and 122 sample points are evaluated in total. For each update, 3-5 samples distributed evenly across the pareto front of the Kriging model are selected as additional sample points. The sample points are plotted in the objective function space in Fig. 14 . The airfoil whose objective functions are better than those of the ss1f airfoil is selected as the optimum airfoil and is named 'OPTn.' Figures 15-19 show the geometries and the C l -¡, C d -¡, l=d-¡, and C m -¡ curves of the ss1f and OPTp airfoils, respectively. Table 2 summarizes the aerodynamics coefficient at the design conditions.
OPTn has a larger camber than the OPTp and ss1f airfoils, as shown in Fig. 15 . OPTn has higher C l than ss1f and OPTp as shown in Fig. 16 because flow acceleration is caused by the larger camber. Furthermore, C l of OPTn increased con- Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 tinuously at higher values of ¡ than that of the OPTp and ss1f airfoils by delaying the stall. Figure 20 illustrates that OPTn realizes fully laminar flow at the design conditions. However, C df of OPTn is higher than that of the OPTp and ss1f airfoils. This is because the laminar separation bubble region of the ss1f and OPTp airfoils is wider than that of OPTn, as shown in Fig. 21 . Generally, C f inside the laminar separation bubbles is substantially lower because dU=dy inside the laminar separation bubble is very small, as depicted in Figs. 22 and 23. However, C dp of OPTn is reduced significantly because the separation is delayed. Therefore, C d and l=d of OPTn are better than those of ss1f and OPTp.
The jdC m =dj of OPTn is lower than that of OPTp and ss1f airfoils in a wide ¡ range, as shown in Fig. 22 . This is why the transition point is associated with a sudden increase in surface pressure. 20) In OPTp, the transition point moves Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 near the leading-edge with a drastic increase in ¡. Therefore, C m changes rapidly because the region of sudden C p increase moves near the leading-edge, as shown in Fig. 24 . On the other hand, OPTn realizes fully laminar flow at a low ¡. Consequently, C m is almost constant because the region of sudden C p increase is almost same as ¡, as shown in Fig. 25 . This means that OPTn has a higher stability than the OPTp and ss1f airfoils for situations where ¡ changes rapidly, such as under gusty wind conditions in the Mars atmosphere.
Conclusion
In this study, designing the optimal low Reynolds number airfoil is performed for a Mars exploration airplane. To achieve this goal, a Multi-Objective Genetic Algorithm (MOGA) using the Kriging model is used for optimization, and the £-Re model is used to predict the laminar-turbulent transition point. The geometry of the airfoil is configured using both the PARSEC and NURBS representations to investigate its effect on transition delay.
The airfoil designed using the PARSEC representation showed similar aerodynamic performance to the ss1f airfoil. However, the PARSEC optimum airfoil has a lower C d and jdC m =dj than the ss1f airfoil at the design conditions. This is because transition of the PARSEC optimum airfoil is delayed more heavily than that of the ss1f airfoil. The jdC m =dj of the PARSEC optimum airfoil at the design conditions is lower than that of the ss1f airfoil because the design condition locates points near the inflection point of the C m curve. However, the PARSEC optimum airfoil does not have robustness because it has a higher C d and jdC m =dj than those of the ss1f airfoil at the off-design conditions.
The NURBS optimum airfoil has a higher C l than the PARSEC optimum and ss1f airfoils because it has a larger camber. The C d of the NURBS optimum airfoil is lower than the PARSEC optimum, and the ss1f airfoil because the separation bubble of the NURBS optimum airfoil is delayed. jdC m =dj of the NURBS optimum airfoil is lower than the PARSEC optimum and ss1f airfoils over a wide range of ¡.
The optimized airfoils using the NURBS representation performed better than the PARSEC representation.
Thus, in order to design an airfoil with good aerodynamic performance under low Reynolds number conditions, it is necessary to use a geometric definition that has a sufficient number of degrees of freedom. Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 6, 2017 
